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We study the loading of a nonequilibrium, dissipative system of composite bosons – exciton
polaritons – into a one dimensional periodic lattice potential. Utilizing momentum resolved photo-
luminescence spectroscopy, we observe a transition between an incoherent Bose gas and a polariton
condensate, which undergoes further transitions between different energy states in the band-gap
spectrum of the periodic potential with increasing pumping power. We demonstrate controlled
loading into distinct energy bands by modifying the size and shape of the excitation beam. The
observed effects are comprehensively described in the framework of a nonequilibrium model of po-
lariton condensation. In particular, we implement a stochastic treatment of quantum and thermal
fluctuations in the system and confirm that polariton-phonon scattering is a key energy relaxation
mechanism enabling transitions from the highly nonequilibrium polariton condensate in the gap to
the ground band condensation for large pump powers.
Introduction.— Since the initial demonstration of
Bose-Einstein condensation of microcavity exciton po-
laritons [1], one particular direction of research has been
focused on engineering the potential landscape of polari-
tons. These potentials have been created by deposition of
metal on the microcavity surface [2], interference of sur-
face acoustic waves [3], deep etching of micropillars [4],
fabrication of shallow mesas [5], and deposition of semi-
conductor micro-rods on a silicon grating [6]. Periodic
arrangements of these potentials have been used to study
the formation of gap solitons [7, 8] and graphene-like
band spectra (including Dirac cones) [4, 9], are predicted
to be prime candidates for the generation of topologi-
cal polariton states [10–12], and hold high promise for
implementation of quantum simulators in solid state sys-
tems [13].
Controlled loading of polaritons into a particular en-
ergy state of a band-gap structure enforced by the pe-
riodic potential remains a critical problem in this field.
A polariton condensate is a nonequilibrium many-body
system and therefore may form in an excited state [14].
Furthermore, polariton-polariton scattering, interactions
with higher energy excitons, as well as scattering with
phonons [15, 16], can change the occupation of different
energy states and lead to effective energy relaxation. For
example, previous investigations of shallow 1D periodic
potentials have demonstrated condensation initially oc-
curring at the edges (high in-plane momentum) of the
Brillouin zone (BZ) but then relaxing to the zero in-
plane momentum state of the ground Bloch band with
increasing pump power [2, 17]. In general, experiments
with polariton condensates in periodic potentials under
non-resonant optical excitation rely on serendipity rather
than on a controlled process to obtain a condensate in a
particular energy and momentum state [4, 9, 17]. In or-
der to progress towards desired control over the loading
process, it is important to understand the mechanisms for
the condensate formation and transition between energy
states.
In this Letter, we develop a profound understanding of
these nonequilibrium effects, by carrying out a combined
experimental and theoretical investigation of the polari-
ton condensation in a one-dimensional array of buried
mesa traps [5, 18] that form an effective tight-trapping
periodic potential with the depth of several meV. We
demonstrate that condensation of exciton-polaritons in
a periodic tight-trapping potential exhibits two qualita-
tively different regimes: First, in the regime of moderate
pump powers above the threshold of polariton condensa-
tion, exciton-polaritons condense into excited states with
the energy blueshifted into the gap of the linear band-gap
spectrum. Real- and momentum-space structure of these
gap states is uniquely determined by the geometry of ex-
citation. In particular, we observe controllable excitation
of stable on- and off-site discrete gap states [19, 20] by on-
site and off-site illumination with a tightly focused pump
spot, respectively. This is in contrast to previous studies
of more shallow lattices, where, under similar excitation
conditions, the outcome was determined by markedly dif-
ferent stability properties of the gap states [8]. Secondly,
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2for pump powers an order of magnitude above the con-
densation threshold, the condensate relaxes to the low-
est energy state with a significant redshift towards the
ground-state band. The observed behavior cannot be
captured by theoretical description in the limit of thermal
equilibrium [21]. We therefore extend a nonequilibrium
model [22, 23] to include a stochastic treatment of fluctu-
ations in the quantum driven-dissipative system [24], and
achieve excellent qualitative and quantitative agreement
between numerical modeling and experimental measure-
ments for all accessible excitation conditions. In particu-
lar, we uncover the crucial role of phonon-induced polari-
ton energy relaxation in this system, which is responsible
for condensation into the lowest energy and momentum
states.
(a) (b)
(c)
FIG. 1: (color online) Schematics of the semiconductor micro-
cavity: (a,b) Details of the textured cavity region (see text);
(c) Angle-resolved photoluminescence spectra below conden-
sation threshold shows formation of a band-gap polariton
spectrum resulting from evanescent coupling between mesa
traps. Red lines show calculated single-particle energy bands
in the effective periodic potential of the depth 4.5 meV. The
measurements are recorded at a detuning between the cavity
photon and exciton energies of ∆ = EC−EX = −14 meV (at
k = 0 of the ground Bloch band), which is comparable to the
Rabi splitting, ER = 11.5 meV.
Experiment.— We create a periodic lattice potential
for polaritons by fabricating a one-dimensional array of
attractive polariton potentials, coupled via the evanes-
cent optical field. The individual polariton traps are
created by a well controlled local elongation of the cav-
ity layer thickness [18]. The MBE-grown layered struc-
ture [see Fig. 1(a) and (b)] of the microcavity consists of
an AlAs-λ/2-cavity surrounded by 37 (32) bottom (top)
AlGaAs/AlAs DBR mirror pairs while the active media
comprises two stacks of 7 nm GaAs quantum wells dis-
tributed at the optical antinodes inside the cavity layer
and at the first DBR interface. By patterning the 10 nm
thick GaAs-layer on top of the cavity layer in an etch-
and-overgrowth step, we introduce an attractive photonic
potential with a height-difference of about 5 nm which
amounts to about 5 meV. More details on the process
can be found in [5]. A one-dimensional periodic array of
40 circular mesas with 2 µm diameter and the period of
a = 3 µm is depicted in Fig. 1(b). As exciton-polaritons
are hybrid light-matter quasiparticles, the photonic po-
tential yields a trapping potential for polaritons [25, 26],
which also supports polariton condensation [5].
To study polariton condensation in the one-
dimensional array, we perform angle-resolved photolu-
minescence measurements under continuous wave non-
resonant excitation of the polariton states with a focused
spot (∼ 3.8 µm FWHM) of a frequency tunable Ti:Sa-
laser. Fig. 1(c) shows the far field emission spectra of
such an array. The observed emission below the conden-
sation threshold strongly differs from that of an isolated
trap, where the trapped modes are discrete in energy
and momentum space [25]. Evanescent coupling of the
modes confined in the polariton traps leads to forma-
tion of a distinct band-gap spectrum due to the spatial
periodicity of the structure. Up to three Bloch bands
are visible in the spectrum of the lower polariton, as
shown in Fig. 1(c). Because of the deep confinement, a
gap between the ground and the first excited Bloch band
evolves as large as 2.3 meV. The experimentally deter-
mined band-gap structure of the spectrum can be fitted
by a band-gap spectrum of single-particle eigenstates in
a periodic one-dimensional lattice [5] [see Fig. 1(c)]. In
addition to the bands resulting from the periodic poten-
tial for polaritons, the characteristic parabolic dispersion
that stems from the planar, mesa-free region around the
traps is also visible in Fig. 1(c).
Figures 2(a-d) depict the evolution of the energy-
momentum dispersion relation as a function of the pump
power for on-site (i.e., focused on a potential minimum)
excitation of the array. As the power of the laser excita-
tion grows, the two first Bloch bands, as well as the pla-
nar cavity lower polariton mode, become more populated,
as seen in Fig. 2(b). Once the condensation threshold is
reached at ∼ 1 mW (see Supplemental Material (SM) [27]
for details), and in agreement with previous experiments
carried out in significantly more shallow potentials [2],
a polariton condensate forms at the vicinity of the BZ
edges k|| = ±pi/a deeply in the gap of the structure, with
an approximate energy offset of ≈ 0.5 meV with respect
to the maximum of the ground band [Fig. 2(c)]. With
increasing power of the pump laser, the energy of the
condensate shifts further into the gap, while remaining
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FIG. 2: (color online) Experimental (a-d) and theoretical (e-
h) study of the condensation in the one-dimensional array of
mesas for an excitation with a narrow pump beam focused on
a mesa (”on-site” excitation regime). (a-d) Far-field photo-
luminescence spectra recorded at various pump powers. (e-
h) The dependence of polariton occupation at different en-
ergies as a function of in-plane momenta, k‖, calculated us-
ing (1) and (2). Large/small occupation numbers correspond
to strong/weak intensity of the cavity emission in (a-d). Cal-
culated occupation is integrated over the transverse-to-array
coordinate, y. Shown are: (e) and (f) emission below the con-
densation threshold at the pump rates P0 = 1 µm
−2ps−1 and
P0 = 10 µm
−2ps−1, respectively; (g) formation of the polari-
ton condensate at the boundaries of the BZ in the vicinity of
the threshold at P0 = 16 µm
−2ps−1; (h) condensation above
the threshold at P0 = 20 µm
−2ps−1. The pump has a Gaus-
sian profile with the FWHM of (a-d) 3.8 µm and (e-h) 5 µm
accounting for exciton diffusion.
localized at the edges of the BZ in the momentum space.
The observed behavior of the condensed state is typ-
ical of a spatially localized polariton gap state reported
in [8], and is reminiscent of a gap soliton well studied in
the context of photonic waveguide arrays [19] and atomic
Bose-Einstein condensates in optical lattices [20, 28, 29].
Similarly to the matter-wave case, a polariton gap state
is a defect mode, which shifts into the gap due to the re-
pulsive nature of the inter-particle interactions [30]. The
important aspect of the polariton in-gap condensation,
pointed out in a previous study [22], is that this blueshift
is caused by both the polariton-polariton interaction and
interaction with the exciton reservoir.
Importantly, an off-site pumping results in a signifi-
cantly different phenomenological behavior at any mod-
erate pump power. Namely, we observe formation of an
off-site gap state with two well pronounced peaks in real-
space and centered around k‖ = 0 in momentum space (
SM [27]). Therefore, in contrast to [8], the structure of
the gap state in our tight-trapping lattice is determined
solely by the excitation geometry.
At a higher power of about 10 times the threshold [see
Fig. 3(a)], the condensation at k|| = 0 µm−1 becomes
more prominent, and thermal effects begin to lead to a
redshift of the emission towards the ground state of the
system. At the highest excitation densities [∼ 30 times
above threshold, Fig. 3(b)], we observe a pronounced
growth in the occupation of the energetic ground state
of the system, which was previously reported in experi-
ments carried out in very shallow trapping potentials [2].
So far, a theoretical understanding of the mechanisms re-
sponsible for the observed transition towards the ground
state condensation has been lacking.
As well as a substantial redshift, the above transition is
accompanied by increase in the linewidth and a growing
population of lattice-free polaritons. Both of these issues
can be overcome by a targeted loading into the lowest-
energy Bloch state of the system. As suggested in [22],
this can be achieved by an elliptically shaped pump beam
with a large aspect ratio matched to the aspect ratio of
the mesa array. The experimental results demonstrating
controlled formation of the polariton condensate in the
ground Bloch state at k|| = 0 are shown in the SM [27].
Theory.— Our experimental findings can be accurately
modelled using a nonequilibrium Gross-Pitaevskii ap-
proach [23] with additional stochastic terms account-
ing for fluctuations in the exciton-polariton system [24]
and acoustic phonon-assisted relaxations [31]. Such a
stochastic approach can be rigorously derived within the
truncated Wigner approximation [32] and allows for the
adequate description of the spontaneous coherence for-
mation in the presence of the quantum and thermal noise.
This approach provides a convenient theoretical tool for
characterization of the photoluminescence from the semi-
conductor microcavity and, in particular, enables a the-
oretical description of the effects in the vicinity of the
condensation threshold beyond the basic mean-field the-
ory [22, 23].
The stochastic mean-field equations for the polariton
macroscopic wavefunction, ψ(r), where r is a 2D coordi-
nate vector, and the reservoir occupation number, nR(r),
read [24, 31, 32]
i~
∂ψ(r)
∂t
= F−1 [Ekψk + Sk(t)] + iΓ(nR)ψ(r) (1)
+
[
V (r) + gc|ψ(r)|2
]
ψ(r)
+i~
dψst(r)
dt
+
∑
k
[T−k(t) + T ∗k (t)] e−ikr;
∂nR(r)
∂t
= −(γR +R|ψ(r)|2)nR(r) + P0(r), (2)
where ψk is the Fourier transform of ψ(r), F−1 stands
for the inverse Fourier transform, Ek is the energy of free
4polariton dispersion. This kinetic energy is characterized
by the effective mass of the lower polariton, m, which
was taken as 4.5 × 10−5 of the free electron mass. The
periodic array of mesa traps is accounted for by the two-
dimensional potential V (r) .
The terms Sk(t) and T−k(t) account for the acoustic
phonon-mediated relaxation phenomena and are fully de-
scribed in [31]. We assume that phonons represent an
incoherent thermal bath and use the Markov approxima-
tion [33] for their description. The term Sk(t) describes
the emission of phonons by the polariton system stimu-
lated by the polaritons. The stochastic term Tq(t) in the
last line of Eq. (1) describes spontaneous phonon-assisted
decay. It is defined by the correlators [31]〈T ∗q (t)Tq′(t′)〉 = |Gq|2 nqδq,q′δ(t− t′);
〈Tq(t)Tq′(t′)〉 =
〈T ∗q (t)T ∗q′(t′)〉 = 0, (3)
where nq(T ) is the temperature-dependent density of
phonons in the state with the wavevector q, Gq denotes
the polariton–phonon scattering strength.
The reservoir (described by Eq. (2)), induces a net
gain and energy blueshift through the real and imagi-
nary parts of the term Γ(nR) =
~
2 (RnR − γc) − igRnR
in Eq. (1), respectively. Here R = 0.001 ps−1 µm2
defines the system–reservoir excitation exchange rate,
γc = 0.33 ps
−1 and γR = 0.005 ps−1 are the decay
rates of polaritons and reservoir excitons. The constants
gc = 10
−3 meVµm2 and gR = 2gc characterize the
strengths of polariton-polariton and polariton-reservoir
interactions, respectively. The pump rate, P0(r), is in-
duced by an off-resonant Gaussian-shaped laser beam
with a 5 µm FWHM. Here the slightly broader pump-
ing spot (the experimental value is 3.8 µm) accounts for
diffusion of carriers in the conductivity band. Indeed
simple estimations show that the electron-hole plasma
created by a optical beam of 3.8 µm broadens towards 5
µm for a typical set of semiconductor parameters (i.e. for
carriers life-time about 1 ns and for the diffusion about
D ' 5 cm2 s−1 [23]).
The term
dψst(ri) =
√
γc +RnR(ri)
4δxδy
dWi, (4)
in Eq. (1) accounts for fluctuations by introducing a
white noise into the model. Both the damping and gain,
γc and RnR, contribute to this term [24, 32]. Here dWi is
a Gaussian random variable characterised by the corre-
lation functions 〈dW ∗i dWj〉 = 2δi,jdt and 〈dWidWj〉 = 0
where i, j are indices counting discrete mesh points ri
with the discretizations δx and δy in x and y directions,
respectively.
Results and discussion.— First, we model the dynam-
ics of the system at moderate pumping powers near the
condensation threshold. In this regime, the stimulated
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FIG. 3: (color online). Experimental and numerical spectra of
polariton condensate in the high-power limit. (a,b) measured
exciton-polariton dispersions for pump powers of 11 and 32
mW, respectively; (c,d) dependence of particle occupation at
different energies as a function of in-plane momentum, k‖,
calculated using (1) and (2) at the pump rates (c) P0 = 30
and (d) P0 = 40 µm
−2ps−1.
term F−1Sk(t) is negligible compared to the fluctuations
i~dψst(ri)/dt, hence we can neglect the interaction with
acoustic phonons. In order to match the experimental
spectra and study photoluminescence from different po-
sitions on the sample, the momenta-resolved spectra have
been integrated over the y-direction which is transverse
to the array, see Figs. 2(e-h) [see also Figs. S2 (a-d) of
SM [27]].
The results of our numerical simulations for the on-
site excitation of the array are presented in Fig. 2(e-h)
and demonstrate a very good agreement with the ex-
periment. Indeed, below the condensation threshold,
both the band-gap spectrum and the parabolic ’back-
ground’ dispersion are visible [Fig. 2(e)]. For a stronger
pump, the emission with non-zero momenta around the
BZ edges (k|| = ±pi/a) is clearly observed, in excel-
lent agreement with the experiment [Fig. 2(f-h)]. This
spontaneous build up of the condensate is accompanied
by the blueshift of the energy into the gap above the
ground band of the array. Our theoretical analysis con-
firms that the blueshift is mostly caused by the reservoir–
induced repulsive potential which is determined by the
term gRnR. The gap state bifurcates from the upper
edge of the band characterised by the ”staggered” phase,
and therefore inherits the characteristic pi-phase shift be-
tween neighbouring density peaks [22], as shown in the
SM [27]. Furthermore, we find that formation of the con-
densate in both the on-site (near k|| = pi/a momentum)
and off-site (near k|| = 0 momentum) states is controlled
purely by the on-site or off-site positioning of the pump
spot, respectively. This behaviour is very robust in a wide
interval of pump powers [see Fig. 2(h) and Figs. S2(b-d)
of the SM [27]], which confirms the enhanced stability of
the gap states in the tight-binding lattice, in contrast to
the shallow confinement case [8].
At pump powers well above the condensation thresh-
5old, phonon–mediated energy relaxation can no longer be
neglected. Moreover, the stochastic term i~dψst(ri)/dt
in this regime becomes negligible compared to the stim-
ulated term F−1Sk(t). Hence we can neglect the for-
mer, thus assuming that the energy relaxation is pre-
dominantly driven by the phonons. A consequence of
this phonon relaxation mechanism, taken into account by
Eqs. (1) and (2), is manifested in the behaviour shown in
Fig. 3(c,d), which is in excellent agreement with experi-
mental observations [Fig. 3(a,b)]. Here, we see a distinct
transition from the formation of a polariton condensate
at the vicinity of k|| = ±pi/a towards condensation at
k|| = 0. Indeed, at the highest pump power, phonon–
assisted relaxation reproduces the macroscopic occupa-
tion of the ground state of the system [see Fig. 3(d)]
observed in the experiment. It should be noted , that in
Figs. 3(c,d) we considered a 1D structure, thus neglecting
2D spreading of particles in the (y-) direction transverse
to the periodic potential. Although this simplification
leads to some quantitative differences, for instance, in
the pump rates (c.f. Fig. 3), it provides a very good
qualitative description of the experimental phenomena.
Conclusions.— We have performed a comprehensive
experimental investigation of the exciton-polariton con-
densation in a tight-binding, quasi one-dimensional pe-
riodic potential. We have observed transitions of con-
densed states between different energy states, which are
efficiently controlled via intensity and spatial alignment
of the off-resonant optical pump. Furthermore, we have
developed an advanced model taking into account quan-
tum and thermal fluctuations in the system, as well as
interactions with acoustic phonons. Our modelling of
polaritons trapped in a periodic array demonstrates ex-
cellent agreement with the observed dynamics both below
and above condensation threshold, for all pumping config-
urations. In particular, we have identified and explained
two dramatically different regimes of polariton conden-
sation at moderate and high pump powers, respectively.
Namely, we have conclusively demonstrated that popu-
lation of different energy states by the condensed polari-
tons is strongly determined by the energy relaxation due
to fluctuations (at moderate powers) or phonons (at high
powers).
Our work provides a complete conceptual under-
standing of the nonequilibrium condensation of exciton-
polaritons in periodic potentials, and thus represents
a significant progress towards controlled loading of the
condensate into microstructured lattices for fundamental
studies and possible applications.
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